Background {#Sec1}
==========

*Escherichia coli* is one of the most widely distributed bacteria in the environment, and therefore humans and animals are exposed to saprophytic *E. coli* strains throughout their lives. Some *E. coli* strains may become capable of causing disease in humans and some animal species by expression of one or multiple virulence factors, such as adhesins and toxins \[[@CR1]\]. These virulence factors are encoded by genes which are typically located on mobile genetic elements such as plasmids or phages. Horizontal gene transfer between *E. coli* strains carrying different virulence determinants may result in novel virulence gene combinations leading to highly virulent phenotypes.

An example of the emergence of highly virulent pathogenic *E. coli* strains is the Enterohaemorrhagic *E. coli* (EHEC) O104:H4, responsible for the large and devastating outbreak of hemorrhagic colitis in Europe in 2011 \[[@CR2]\]. This outbreak strain was found to carry an unusual combination of the pathogenic features of enteroaggregative *E. coli* (EAEC) and Shiga toxin (Stx)-producing *E. coli* (STEC). Among the 6 pathotypes of *E. coli* capable of causing enteric diseases, EAEC has emerged as a cause of acute and persistent diarrhea in children, as well as adults, in both developed and developing countries \[[@CR3], [@CR4]\]. EAEC has rarely been isolated from animal sources such as dogs and cats \[[@CR5]\], but whether animals are reservoirs of EAEC or are accidental hosts of EAEC due to close contact with humans \[[@CR6]\] remains to be determined. In contrast, it has been shown that cattle are the major reservoir species of STEC. However, other livestock species, including sheep, goats, horses, pigs, and water buffalo, are also capable of harboring these organisms \[[@CR7]\]. In fact, STEC has been found in contaminated food, water \[[@CR8]\] and the farm environment \[[@CR9]--[@CR11]\]. Given these differences between reservoirs, it is striking that Stx-producing EAEC has emerged to cause outbreaks in humans \[[@CR12]\]. Therefore, further investigation of the distribution of genes encoding for virulence factors *aggR*, *stx1* and *stx2* in environmental, animal and human reservoirs is required to better understand the potential for the emergence of *E. coli* carrying this unusual combination of virulence genes.

Although the prevalence of STEC in chicken is considered minimal, a previous study has shown that chickens are readily and persistently infected by STEC \[[@CR13]\]. Small-scale and backyard chicken farming are very common in southeast Asia, including the Mekong Delta in southern Vietnam \[[@CR14], [@CR15]\]. In such farms, there is typically a great degree of overlap between the farming and household environments, providing ample opportunity for horizontal gene transfer between human and poultry *E. coli*. We aimed to assess the potential of such an occurance, by investigating the prevalence of the highly conserved *aggR* and the *stx1, stx2* genes in samples collected from chicken farms, farmers and in matched asymptomatic humans not exposed to chickens, as well as in *E. coli* isolates from these samples. In addition, with the hypothesis that *E. coli* O104:H4 epidemic strains may be present in Vietnam, we also screened for the presence of the combination of *aggR*, *stx2, wzx*~O104~ and *fliC*~H4~ genes in *E. coli* isolates.

Methods {#Sec2}
=======

Sample collection {#Sec3}
-----------------

This study was carried out as a part of a larger study on antimicrobial drug usage and antimicrobial resistant *E. coli* colonization in backyard chicken farms and humans. We collected faecal swabs from 204 randomly selected chicken farms; 204 healthy farmers in those farms, and 306 age- and sex-matched individuals in Tien Giang province, Vietnam. The matched individuals not involved in poultry farming were randomly selected from the same district as the farmers (rural individual, *N* = 204,), as well as from the provincial capital (urban individual, *N* = 102), using the population census of Tien Giang \[[@CR16]\]. Farms and household visits were evenly distributed over a 13-month-period from March 2012 to April 2013 in order to avoid seasonal effects. Faecal samples from chickens were collected using boot-swabs or hand-held gauze swabs, as described previously \[[@CR17]\]. The chicken sample collection was conducted by a trained sampling team from the Tien Giang Sub-Department of Animal Health. Rectal swab samples were obtained from all human participants by trained staff from Tien Giang Preventive Medicine Center, using Fecalswab (Copan, Italy). All samples were stored and transported at 4oC to the laboratory at the Oxford University Clinical Research Unit in Ho Chi Minh City and cultured within 24 h after sample collection.

*E. coli* isolation and antimicrobial susceptibility testing {#Sec4}
------------------------------------------------------------

Buffered Peptone Water (225 mL) was added to each chicken faecal sample in a separate container and was manually shaken. A volume of 1 mL from each container was diluted 1:1000 in saline solution. Human rectal swabs were vortexed to release and suspend the sample in the liquid transport medium and then 100 μL was diluted 1:100 in saline solution. A volume of 50 μL of each saline diluted sample was plated onto MacConkey agar (Oxoid, UK) with or without antimicrobials supplemented. This procedure yielded on average 100 single colonies on each plate, which allowed for unbiased detection of *E. coli*-like colonies of multiple morphologies in all samples. A random selection of 5 (from MacConkey agar plate without antimicrobial supplemented) and 2 (from each of MacConkey agar plates supplemented with either nalidixic acid \[16 mg/L\], ceftazidime \[2 mg/L\], or gentamicin \[8 mg/L\]) presumptive *E. coli*-like colonies were sub-cultured, identified and tested for their susceptibility using disc diffusion method in accordance with the Clinical and Laboratory Standards Institute guidelines \[[@CR18]\]. Eleven antimicrobials (all Oxoid, UK) were tested including tetracycline (30 mg), trimethoprim/sulfamethoxazole (1.25/23.75 mg), chloramphenicol (30 mg), gentamicin (10 mg), amikacin (30 mg), ciprofloxacin (5 mg), ampicillin (10 mg), amoxicillin/clavulanic acid (30 mg), ceftazidime (30 mg), ceftriaxone (30 mg) and meropenem (10 mg). Quality controls for susceptibility testing and identification were performed every week according to the CLSI guidelines. Strains with an intermediate susceptible result were considered resistant. An MDR strain was defined as a strain resistant to at least three different antimicrobial classes.

Only *E. coli* strains with a unique morphology and/or phenotypic antimicrobial susceptibility pattern isolated from each sample were saved for further analyses. In addition, a sweep from the full remaining growth on the MacConkey plate without antimicrobial supplement was collected, suspended in glycerol and stored in screw-cap tubes at - 20 °C for further analyses.

Screening for the presence of *E. coli* virulence factors {#Sec5}
---------------------------------------------------------

As using sweep samples for PCR screening has been shown to be efficient and sensitive \[[@CR19]\], multiplex PCR was first performed on the glycerol stored sweeps to screen for the presence of *aggR*, *stx1* and *stx2* genes. In brief, one loopful (1 μl) of the −20 °C stored sweep was collected and cultured on the MacConkey agar, then incubated for 16 h at 37 °C. A sweep of the bacterial growth was then collected and suspended in 1 ml of water. Suspensions were heated at 95 °C for 3 min and immediately placed on ice then centrifuged at 9000 rpm/ 3 min to collect DNA in the supernatant. Primers used for the multiplex PCR are listed in Table [1](#Tab1){ref-type="table"}*.* Primers were designed by using Nucleotide Blast, Align X and OligoAnalyzer 3.1 with the published sequences on NCBI database (Genbank accession numbers are M19473, X07865, Z18751 for *stx1*, *stx2* and *aggR*, respectively). The detection limit of the assay was determined by cloning the target sequences into a pCR2.1 plasmid (TA Cloning kit, Invitrogen, USA). The PCR had a detection limit of 10 copies per ml for each of the target gene as determined by serial dilution from 10 ng/μl to 10^-6^ ng/μl. Each reaction mixture contained 2 mM MgCl~2~, 0.1 mM deoxyribonucleotides, 0.2 uM each of the oligonucleotides and 0.5 U of Taq polymerase (Bioline, UK), to which 50 -- 100 ng of the DNA suspension was added. The mixtures were processed in a GeneAmp PCR system 9700 (Applied Biosystems, USA). The PCR program was 96 °C for 4 min, 30 cycles of 94 °C for 20 s, annealing at 55 °C for 20 s, and 72 °C for 10 s. The final extension step was 72 °C for 7 min. DNA extracted from *E. coli* E3787 (*stx1*), *E. coli* E32511 (*stx2*), *E. coli* E69187 (*aggR*) was used as a positive control in PCR reactions. A negative control, containing water instead of template DNA was included in each run of PCR reactions.Table 1List of primers used in this studyTarget genesPrimer namePrimer sequences (5′-3′)Fragment sizeReference*aggR*aggR_FAAGCAGCGATACATTAAGACG424This studyaggR_RTGCTTTGCTCATTCTTGATTGC*stx1*stx1_FTGATGATTGATAGTGGCACAGG299This studystx1_RAGAAGTAGTCAACGAATGGCG*stx2*stx2_FACATCGGTGTCTGTTATTAACC666This studystx2_RTTGACTCTCTTCATTCACGGC*wzx* ~O104~wzx~O104~\_FGGTTTTATTGTCGCGCAAAG337\[[@CR20]\]wzx~O104~\_RTATGCTCTTTTTCCCCATCG*fliC* ~H4~fliC~H4~\_FACGGCTGCTGATGGTACAG244\[[@CR20]\]fliC~H4~\_RCGGCATCCAGTGCTTTTAAC

From any sweep sample which produced positive PCR result for any of the target genes in multiplex PCR, DNA extracted from all stored *E. coli* isolates obtained after culture of the corresponding faecal sample on MacConkey agar plates with and without antimicrobials supplemented, was subsequently tested for the presence of 3 genes (*aggR*, *stx1* and *stx2*) using multiplex PCR. The presence of 2 genes (*wzx*~O104~ and *fli*C~H4~) was also investigated using monoplex PCR \[[@CR20]\].

Results {#Sec6}
=======

Sweep samples were available for 188 of 204 chicken farms, 186 of 204 farmers, 182 of 204 rural individuals and 90 of 102 urban individuals. The remaining sweep samples were either missing (16 chicken samples and 45 human samples) or were not available because the primary faecal culture on MacConkey agar did not show any growth (7 human samples). The *aggR* gene was detected in 31 (6.8 %) human samples but in only 1 (0.5 %) of the chicken farm samples (*p* \< 0.001). Gene *stx1* was detected in 11 human samples (2.4 %) and in one chicken farm sample (0.5 %) whereas gene *stx2* was detected in one farmer (0.5 %) and in one rural individual (0.5 %). In 46 samples, at least one of three tested genes (*aggR, stx1* and *stx2*) was detected in the multiplex PCR. None of the samples was positive with multiple genes (Table [2](#Tab2){ref-type="table"}).Table 2Prevalence of *aggR*, *stx1* and *stx2* genes in sweep samples and prevalence of *aggR*, *stx1*, *stx2, wzx* ~O104~ *and fliC* ~H4~ *genes* in *E. coli* isolated from chicken faecal samples and human rectal swabsSubjectNo. of positive samples (%)No. of positive *E. coli* / No. of *E. coli* investigated (%)*aggRstx1stx2aggRstx1stx2wzx* ~O104~*fliC* ~H4~Chicken farm (*N* = 188)1 (0.5)1 (0.5)00/40/5ND0/91/9 (11.1)Farmer (*N* = 186)12 (6.5)7 (3.8)1 (0.5)16^a^/55 (29.1)1/29 (3.4)0/41/88 (1.1)12/88 (13.6)Rural individual (*N* = 182)13 (7.1)3 (1.6)1 (0.5)16^b^/58 (27.6)0/130/40/755/75 (6.7)Urban individual (*N* = 90)6 (6.7)1 (1.1)02^c^/27 (7.4)0/6ND0/331/33 (3.0)*ND* not done^a^ *aggR*-positive *E. coli* were isolated from samples of 7 farmers^b^ *aggR*-positive *E. coli* were isolated from samples of 7 rural individuals^c^ *aggR*-positive *E. coli* were isolated from sample of 1 urban individual

DNA samples of 205 *E. coli* isolated from those 46 MacConkey sweep samples were tested for the presence of *aggR, stx1*, *stx2* and then further screened for the presence of *wzx*~O104~ and *fliC*~H4~ gene. The *aggR* gene was detected in 29.1, 27.6 and 7.4 % of *E. coli* strains isolated from *aggR* positive samples in farmers, rural individuals and urban individuals, respectively (Table [2](#Tab2){ref-type="table"}). EAEC could be isolated from faecal samples of 3.8 % (7/186) of farmers, 3.8 % (7/182) rural individuals and 1.1 % (1/90) urban individuals. The EAEC isolates exhibited resistance against ampicillin (100 %), co-trimoxazole (85.3 %), tetracycline (70.6 %), gentamicin (70.6 %), ceftriaxone (64.7 %), ceftazidime (50.0 %), chloramphenicol (38.2 %), ciprofloxacin (26.5 %) and amikacin (2.9 %). 88.2 % and 50.0 % of EAEC isolates were multi-drug resistant and extended-spectrum beta-lactamase positive, respectively (Table [3](#Tab3){ref-type="table"}).Table 3Antimicrobial susceptibility of EAEC isolates from asymptomatic humans in southern VietnamAntimicrobialNo. of antimicrobial resistant EAEC (%)Chicken farmerRural individualUrban individualTotal(*N* = 16)(*N* = 16)(*N* = 2)(*N* = 34)Tetracycline8 (50.0)14 (87.5)2 (100)24 (70.6)Trimethoprim/sulfamethoxazole13 (81.2)14 (87.5)2 (100)29 (85.3)Chloramphenicol11 (68.8)2 (12.5)013 (38.2)Gentamicin13 (81.2)11 (68.8)024 (70.6)Amikacin01 (6.2)01 (2.9)Ciprofloxacin09 (56.2)09 (26.5)Ampicillin16 (100)16 (100)2 (100)34 (100)Amoxicillin/clavulanic acid8 (50.0)7 (43.8)2 (100)17 (50.0)Ceftazidime6 (37.5)11 (68.8)017 (50.0)Ceftriaxone8 (50.0)14 (87.5)022 (64.7)Third-generation cephalosporins8 (50.0)14 (87.5)022 (64.7)ESBL-producing6 (37.5)11 (68.8)017 (50.0)Meropenem0000MDR13 (81.2)15 (93.8)2 (100)30 (88.2)*MDR* multi-drug resistant

From the 12 *stx1* positive sweep samples, only one *E. coli* (3.4 %) from a farmer, among 53 *E. coli* isolates investigated, was *stx1* positive (Table [2](#Tab2){ref-type="table"}). This *E. coli* isolate was also multi-drug resistant against chloramphenicol, sulfamethoxazole-trimethoprim, ampicillin, tetracycline and ciprofloxacin). Detailed information on antimicrobial resistance patterns of EAEC and STEC isolated from humans in southern Vietnam is shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1. Eight *E. coli* isolates from the two *stx2* PCR positive samples were tested and none showed a positive result for *stx2* gene. As a result, STEC was isolated in 0.5 % (1/186) of farmers or 0.2 % (1/458) of studied humans.

Among 196 *E. coli* isolates from 44 human individuals that were positive for any of the genes screened for using the multiplex PCR, *fliC*~H4~ gene was detected in 13.6, 6.7 and 3.0 % of *E. coli* isolates from farmers, rural individuals and urban individuals, respectively (Table [2](#Tab2){ref-type="table"}). One out of 9 isolates from two farm samples (11.1 %) was positive with *fliC*~H4~ gene. Gene *wzx*~*O104*~ was observed in one isolate from a farmer (1.1 %). The only gene combination that we observed in this study was *aggR* and *fliC*~H4,~ which was detected in two isolates from one rural individual. None of the isolates analyzed in our study simultaneously contained the four genetic markers associated with the O104:H4 epidemic strain (*aggR, stx2*, *wzx*~O104~ and *fliC*~H4~).

Discussion {#Sec7}
==========

The differences in detection of the *aggR* gene in chicken faecal samples (1; 0.5 %) and samples from asymptomatic humans (31; 6.8 %) suggest that humans are likely the main reservoir of EAEC in the setting studied. The isolation rate of EAEC from humans in our study (3.3 %, 15/458) was similar to previous studies including asymptomatic adults and children performed in northern Vietnam \[[@CR21], [@CR22]\]. To our knowledge, this is the first study describing the presence of the *aggR* gene in chicken faecal samples in Vietnam. We, however, speculate that this gene may have a human origin since a relatively high proportion of households in the rural areas of the Mekong Delta do not have latrines that meet established hygiene standards with respect to their construction, operation and maintenance \[[@CR23]\].

Gene *stx1* was also detected more frequently in samples from humans compared with those from chickens (2.4 % versus 0.5 %) and the more toxic gene--*stx2*--was only detected in two samples from humans (0.4 %). The nondetection of STEC in chicken farms is in agreement with previous studies in chickens in the United States and United Kingdom in which the prevalence of STEC colonization ranged between 0 and 1.5 % \[[@CR24]\]. Although we did not find the presence of STEC in chicken samples in this study, STEC is still an important cause of diarrhea in farm animals in Vietnam as has been shown in previous studies \[[@CR25], [@CR26]\]. The isolation rate of STEC (0.2 %, 1/458) and EAEC (3.3 %, 15/458) in asymptomatic humans in Vietnam is also similar to the reported prevalence in both developed and developing countries \[[@CR27]--[@CR29]\]. Our results indicate a generally high level of antimicrobial resistance among EAEC isolates from Vietnam compared with results from other countries \[[@CR30]\] and overuse of antimicrobials in the community could be one of the possible explanations \[[@CR31]\].

A total of 150 (73.2 %) out of 205 *E. coli* isolates, which were isolated from positive sweep samples, were negative in the colony PCR for detection of the five genes of interest. The lower isolation rate of EAEC and STEC in comparison to the *stx* and *aggR* gene detection rate on sweep samples may be due to the presence of the *stx* or *aggR* genes in *E. coli* strains other than those selected or in bacterial species other than *E. coli* but capable of growing on MacConkey agar \[[@CR32]\]. In addition, the bacterial sweep was used as it was previously shown to better detect *E. coli* in stool samples than testing up to 5 *E. coli* isolates because of its enrichment \[[@CR19]\]. Hence differences in sensitivity can also explain lower detection rates when testing single colonies and the absence of *stx*-positive *E. coli* amongst the limited number of isolates tested, does not completely rule out the presence of STEC in the sample.

The full combination of the four typical markers of the 2011 German *E. coli* O104:H4 outbreak strain *stx2*, *wzx*~O104~, *fliC*~H4~ and *aggR* was not detected in any *E. coli* isolated from human faecal and chicken farm samples in the current study, despite the great degree of overlap between the farming and living environment in the study setting in Vietnam. We found one combination of EAEC and STEC O104:H4 associated *aggR* and *fliC*~H4~ genes in two *E. coli* isolates from one rural individual not exposed to poultry farming.

Conclusions {#Sec8}
===========

Our results indicate that in southern Vietnam, the human population is a more likely reservoir of *aggR* and *stx* gene carrying *E. coli* than the chicken population. However, it is important to note that all four typical markers of the outbreak strain (*stx2*, *wzx*~O104~, *fliC*~H4~ and *aggR*) were detected, albeit at low numbers, in samples (*stx2* and *aggR*) and *E. coli* isolates (*wzx*~O104~, *fliC*~H4~) in different host populations. Given the nature of 'backyard' farms in Vietnam, conditions for transmission of isolates and/or genes between human and animal reservoirs are still favorable. Therefore, strict personal hygiene practices as well as applying biosecurity in animal farming are essential to avoid the emergence of highly virulent strains.

Additional file {#Sec9}
===============

Additional file 1: Table S1.Patterns of antimicrobial resistance in EAEC and STEC isolated from humans in southern Vietnam. (XLSX 10 kb)
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